2001; Kawaguchi et al., 2001) , so this has not yet been ronment did influence their differentiation. These results suggest that neural diversity is generated by a combinapossible.
We find that postmigratory NCSCs persist widely torial mechanism, involving both regional environmental differences as well as cell-intrinsic differences encoded throughout the late gestation PNS. The purification of uncultured NCSCs from embryonic day (E)14 gut and in stem cells. E14 sciatic nerve enabled us to ask whether these spatially, but not temporally, distinct stem cell populations Results have the same properties. In fact, these NCSCs exhibited heritable, cell-intrinsic differences in their reMultipotent Neural Crest Progenitors Persist throughout the Late Gestation PNS sponses to lineage determination factors. These differences biased gut NCSCs toward neuronal fates and Uncultured, postmigratory NCSCs can be isolated by flow-cytometry from freshly dissociated E14.5 rat sciatic sciatic nerve NCSCs toward glial fates, even though both cell types remained multipotent and able to genernerve as cells that express the neurotrophin receptor p75 but fail to express the peripheral myelin protein P 0 ate neurons and glia in diverse locations in vivo. Upon engraftment into developing peripheral nerve in vivo, (p75 ). To test whether the sciatic nerve is unique in supporting the persistence of NCSCs into late in peripheral nerves during normal development. Instead of being environmentally determined, distinct cell types gestation, we dissected gut, dorsal root ganglia, and sympathetic ganglia from E14.5 rat fetuses. Each tissue are generated in the nerve and gut as a result of cellintrinsic differences in the stem cells from these locawas dissociated and cells were cultured at clonal density. As shown in Figure 1 , cells from each location gave tions. In other in vivo locations, sciatic nerve NCSCs gave rise to neurons, demonstrating that the local envirise to large multilineage colonies containing neurons, Table 1 ). Although NCSCs in the gut and sciatic nerve were both p75 ϩ ␣ 4 ϩ , these sciatic nerve NCSCs were routinely isolated using the p75 and P 0 markers as has been reported previously (Morrison et al., 1999 (Morrison et al., , 2000b ϩ P 0 Ϫ NCSCs were isolated by flow-cytometry, cultured for 24 hr in BMP4 similar response as 50 ng/ml BMP4 caused 76% Ϯ 14% (mean Ϯ standard deviation) of colonies to contain concentrations that ranged from 0-100 ng/ml, and then stained with an antibody against Mash-1. Gut NCSCs Mash-1 ϩ cells after 24 hr and 82% Ϯ 3% of colonies to contain Peripherin ϩ neurons after 5 days in culture. exhibited a half-maximal response to BMP4 at around 0.5 ng/ml and a maximal response at 10 ng/ml, while Although gut and sciatic nerve NCSCs exhibited similar responses to saturating concentrations of BMP4, sciatic nerve NCSCs exhibited a half-maximal response at around 5 ng/ml and a maximal response at 50 ng/ml we sought to determine whether these cells exhibit a difference in sensitivity to lower concentrations of BMP4 ( Figure 5 ). Thus, gut NCSCs were 5-to 10-fold more sensitive to the neurogenic effects of BMP4. that probably more accurately reflect the limiting concentrations of BMPs encountered in vivo. E14.5 gut
The observation that 45% of gut NCSCs expressed Figure S1 ). Although Mash-1 can be expressed by multipotent progenitors and Mash-1 expreshr later for the early neuronal marker neuron-specific (class III) ␤-tubulin (TuJ1 antibody). Only 0.67% Ϯ 0.58% sion does not indicate neuronal commitment (Lo and ng/ml BMP4 (31% at 1 ng/ml). In contrast, only 27% of secondary sciatic nerve colonies expressed Mash-1 after 24 hr in 50 ng/ml BMP4 (7% at 1 ng/ml). Thus, as in the primary colonies, the gut subclones remained more likely to both express Mash-1 and respond to BMP4 than sciatic nerve subclones at all levels of BMP stimulation (Table 3; tured for 4 additional days in 50 ng/ml BMP4. Table 4 shows that whereas Delta caused extensive gliogenesis among sciatic nerve NCSCs, gut NCSCs exhibited virtuThe Increased Sensitivity of Gut NCSCs to BMP4 Persists Even after 8 Days in Culture and Subcloning ally no gliogenic response. In the absence of soluble Delta, up to 66% of sciatic nerve colonies contained If cell-intrinsic differences in the sensitivity of NCSCs to lineage determination factors regulate differentiation in neurons (38% neuron only ϩ 28% neuron ϩ other), and fewer than 3% contained glia (Table 4 ). Exposure to vivo, then such differences should be heritable and stable enough to persist even through changes in the cell's soluble Delta significantly reduced the frequency of sciatic nerve colonies that contained neurons (to 4%) and environment. To test whether the difference in BMP4 sensitivity was stable in culture, the two NCSC populasignificantly increased the frequency of colonies that contained only GFAP ϩ glia (to 42%). In the absence of tions were cultured under standard conditions at clonal density for 8 days (12-14 population doublings). Then, soluble Delta, gut NCSCs performed indistinguishably from sciatic nerve NCSCs, with up to 72% of colonies individual colonies were subcloned into secondary cultures that contained no BMP4, 1 ng/ml BMP4, or 50 containing neurons (12%-13% neuron only ϩ 44%-59% neuron ϩ other) and no colonies containing glia. Expong/ml BMP (Table 3) . In these experiments, 58% of gut secondary colonies expressed Mash-1 after 24 hr in 50 sure to soluble Delta only modestly reduced the percent- Gut and SN NCSCs were cultured at clonal density for 8 days (12-14 population doublings) and then subcloned into secondary cultures that contained 0, 1, or 50 ng/ml BMP4. The percentage of secondary colonies (mean Ϯ standard deviation) that contained Mash-1ϩ cells after 24 hr is shown. 65% Ϯ 13% of gut secondary colonies and 54% Ϯ 15% of sciatic nerve secondary colonies made peripherinϩ neurons after 5 days in 50 ng/ml BMP4, indicating that there was no overall difference between sciatic nerve and gut subclones in neuronal potential. All Mash-1 statistics were compared by paired t-tests, and significantly different statistics (p Ͻ 0.05) are followed by different letters. In each treatment, the percentage of colonies that contained Mash-1ϩ cells was higher among gut NCSC subclones than among sciatic nerve NCSC subclones. Data are based on 4692 subclones from 12 primary sciatic nerve NCSC colonies and 12135 subclones from 15 primary gut NCSC colonies. the neural crest migration pathway of five chick embryos and then examined whether these cells gave rise to of gut colonies contained neurons and glia and 6% were glial only, while in Neuregulin-containing medium, 84% neurons and glia in peripheral nerves. As shown in Figure  6 , the gut NCSCs gave rise to neurons in the peripheral of colonies contained neurons and glia, and 13% of colonies were glial only. Thus, Neuregulin promoted glionerves of all five chicks (8.3 neurons/positive section). Three of these chicks lacked any rat glia in peripheral genesis at the expense of neurogenesis among sciatic 5 ). These differences in throughout the late gestation PNS. To characterize the sensitivity to neurogenic and gliogenic factors persisted gut NCSCs in more detail, we prospectively identified through 8 days (12-14 population doublings) in culture, and isolated them by flow-cytometry as p75 ϩ ␣ 4 ϩ cells followed by subcloning (Table 3 and Supplemental Table (Figure 2) . In clonal analyses, 70% of the colonies formed S1), demonstrating that these differences were stably by this population contained neurons, glia, and myofiencoded within the stem cells. Sciatic nerve NCSCs broblasts (Table 1) . Gut p75 ϩ ␣ 4 ϩ cells gave rise to neuwere biased toward glial fates, while gut NCSCs were rons and glia in diverse locations throughout the develbiased toward neuronal fates even though both populaoping chick PNS, just as sciatic nerve p75 Figure S1 ). There was though sciatic nerve NCSCs gave rise only to glia in no evidence for the differential expression of neurogenic peripheral nerves, they gave rise only to neurons in Reand gliogenic factors between the nerve and gut (Figure mak's ganglion. This demonstrates that some environ-4). This suggested that cell-intrinsic differences between ments can overcome the gliogenic bias of these cells gut and nerve NCSCs, rather than environmental differand cause neurogenesis. Thus NCSCs remained plastic ences, likely explained the difference in cell fate determienough to acquire both neuronal and glial fates, and nation between the nerve and gut. We found that sciatic different fates were acquired in different locations. The nerve NCSCs were very sensitive to the gliogenic effects differences in sensitivity to lineage determination factors of Notch ligands (Table 4) and Neuregulin ( to those showing engraftment were probed with the sense strands conjugated to FITC) and P 0 (P07, a gift of J.J. Archelos). Gut cells of SCG10 and P 0 . Since embryos were unilaterally injected, the were stained with antibodies against p75 and ␣4 integrin (Becton contralateral side to the injection also served as a negative control. Dickinson, MR␣4-1 clone, directly conjugated to phycoerythrin). After washing off unbound antibodies, cells were resuspended in staining medium containing 2 g/ml 7-AAD (Molecular Probes, Eu
